Aims Plant population density (PPD) influences plant growth greatly. Functional -structural plant models such as GREENLAB can be used to simulate plant development and growth and PPD effects on plant functioning and architectural behaviour can be investigated. This study aims to evaluate the ability of GREENLAB to predict maize growth and development at different PPDs. † Methods Two field experiments were conducted on irrigated fields in the North China Plain with a block design of four replications. Each experiment included three PPDs: 2 . 8, 5 . 6 and 11 . 1 plants m
INTRODUCTION
Plant population density (PPD) influences plant growth greatly. Therefore, understanding how plants regulate their growth in response to PPD is of importance for a range of problems, such as determination of optimal sowing density and understanding crop-weed competition.
Models have been proved to be very useful tools in testing hypotheses on mechanisms of plant growth, and assessing potential of crop production. Many ecophysiological models have been developed for crop growth simulation (Carberry et al, 1989; Katawatin et al., 1996; Keating et al., 2003) . The growth of different types of plant organs can be simulated based on source -sink concept (Marcelis, 1994; Heuvelink, 1996 Heuvelink, , 1999 , and biomass partitioning among the shoot : root compartments can also be quantified (Reynolds and Thornley, 1982; Farrar, 1992) . These models do not specify biomass allocation according to topological position of plant organs, and no feedback between plant structure and plant functioning is considered.
Plant architectural models can explicitly simulate changes of plant topology and 3-D geometry of individual organs (Prusinkiewicz et al., 1988; de Reffye et al., 1988; Smith et al., 1992; Sinoquet et al., 1998; Drouet, 2003) . The resulting 3-D representation can be used for different applications, such as the simulation of radiative balance within the canopy (Chelle and Andrieu, 1998; Wang et al., 2006) , or the simulation of competition between plants for space/resources (Andrieu et al., 2004) . However, plant growth without considering biomass acquisition and partitioning within the architecture limits the biological and agronomic usefulness of such models.
* For correspondence. E-mail libg@cau.edu.cn Some researchers try to integrate plant architecture and function within the same model to quantify plant growth and development (Kurth and Sloboda, 1997; de Reffye et al., 1997 de Reffye et al., , 1999 Perttunen et al., 1998) . Specific functional -structural models, such as ADEL-maize (Fournier and Andrieu, 1999) and GRAAL (Drouet and Pagès, 2003) were developed to simulate individual organ growth of the maize plant. Organ growth was calculated from organ potential growth rate and plant carbon availability. These models can simulate feedback between individual organ growth and plant architecture during the vegetative phase of maize. However, simulation of reproductive growth of the plant is very important because plant yield can be simulated, thus providing guidelines for yield optimization and breeding of high yielding cultivars.
Recently, GREENLAB (Yan et al., 2004) , an architectural, mathematical plant growth model was developed. The major feature of this model is to combine plant architecture and biomass partitioning dynamically to mimic plant morphogenesis and its plasticity. The environment defines the carbon supply available to the plant at a given time step. The plant is conceived at organ level (leaves, internodes, fruits, roots, etc.) and thus as a set of sinks competing for assimilates during growth. The optimization technique was used to fit parameter values for a given type of plant. Observed target files with detailed information on plant topology, organ size and weight were required for optimization of parameter values by using the model to track the source and sink dynamic processes of plant growth. The relevance of the model to deal with different species has already been tested on sunflower (Guo et al., 2003) , wheat , maize and chrysanthemum (Kang et al., 2006) . The model was recently implemented with a 'multifitting' technique using several target files to check the inherent stability of parameter values on maize (Ma et al., 2007) . However, the ability of the model to deal with plant growth at different PPDs has not been tested yet.
The aim of this study is to assess the overall ability of GREENLAB to simulate the plasticity of maize plant growth at different PPDs. The study focuses on the case of one maize genotype grown over 2 years at three PPDs in each year. The experiments and the theory of the model were described in this paper. Parameter values were fitted by using a multi-fitting technique which permits simultaneous optimization for several target files. A detailed analysis of optimized parameter variability among years and PPDs and simulation of plant growth at other PPDs were also carried out. (expt 2006) . The plants used for measurement were tagged with plastic labels in order to identify the phytomer rank (the rank is counted from the bottom to the top of the plant, the lowest leaf being defined as belonging to phytomer 1). The number of phytomers of this cultivar at maturity ranged from 20 to 22. In the present experiments, several cobs appeared per plant, generally from the 13th to the 15th node. The last and largest cob was usually at the 15th node, contributing .90 % to total cob weight. Water and nutrients were supplied in order to maintain non-limiting conditions. Meteorological data needed to calculate potential evapotranspiration (daily mean, minimum and maximum air temperature, mean relative humidity, wind speed, actual sunshine hours) were acquired from a standard weather station located 10 km from the experimental field.
MATERIALS AND METHODS

Field experiments and measurement on plants
Nine plants located at the centre of each plot were chosen as reference for selecting the median plants to be dissected (Hillier et al., 2005) . Throughout crop development, destructive sampling was done every 2 weeks on individual plants in order to characterize growth and organogenesis. Only above-ground organs were measured. At each date four plants were sampled to measure fresh weight and dimensions of individual organ [i.e. internodes, sheaths, blades, cobs and tassels (Table 3 in Guo et al., 2006) ]. Blade area was measured using a LI-COR Model 3100 area meter (Lincoln, NB, USA). These measurements were done on all existing phytomers of the plants sampled.
At grain filling stage, an electromagnetic digitizer (3Space Fastrak Long Ranger; Polhemus, USA) was used to measure the 3-D co-ordinates of organs in situ (Sinoquet et al., 1998) for each treatment with 16 plants. These data were used to establish 3-D symbol files which described the geometrical shape of each organ type . They were then used to translate model output directly into 3-D representation for each time step.
GREENLAB model description
In previous papers Ma et al., 2007) , the climate effect on GREENLAB parameter values were studied with constant PPD for all treatments. In this paper, the effect of PPD on the parameter values was analysed. The same mathematical model was used with two new equations (eqns 2 and 3) introduced in this analysis to simulate the plant growth according to PPD. In order to allow this paper to 'stand alone' from others, a complete description of the model is given below.
GREENLAB is a functional-structural model that simulates plant development, growth and morphological plasticity. The model simulates individual organ production and expansion as a function of growth cycle (GC), which corresponds to the phyllochron (thermal time between the appearance of two consecutive leaves on the main stem) before the end of plant organogenesis for maize. Thermal time was computed as the accumulated sum of the daily mean air temperature minus a base temperature 8 8C (recommended for maize by Ritchie and NeSmith, 1991) . During the plant growth, there were only 2 d on which the daily maximum air temperature was approx. 1 8C beyond maximal temperature for maize [40 8C used in Birch et al. (1998) , beyond which development ceases]. Thus, maximal temperature was not considered in this study.
Plant organogenesis was controlled by GC; whereas, plant morphogenesis depends on its biomass production within a given environment and biomass allocation to a given number of expanding organs or competing sinks. Photosynthesis for fresh biomass production per plant is thus simplified according to the following mathematical equation:
where Q(i) is the fresh biomass production during GC(i). E(i) is the average, potential biomass production during GC(i). In this study, the environment was quantified based on potential evapotranspiration, but it can be made responsive to other environmental variables as needed. n(i) is the number of green leaves presented during GC(i). S m is the blade surface area of the mth leaf. r and l are empirical parameters with r setting leaf size effects on transpiration per unit area and l is analogous to the extinction coefficient of Beer -Lambert's Law.
Here l was set to 0 . 7 for all PPDs. The projected surface area of the plants (S p ) can be computed according to PPD as follows:
where S L is the projected surface area corresponding to an isolated plant, a is a transition coefficient and d is number of plants m
22
. This empirical formula makes S p approximate to 1/d when PPD is high, and close to S L when PPD is low. The biomass production m 22 (Q u ) is computed as:
Organs receive an incremental allocation of biomass that is proportional to their relative sink strength. The relative sink strength for each type of organ was defined as a function of its age in terms of GCs:
where o ¼ indices for organ type (leaf blade, b; sheath, s; internode, e; cob, f; tassel, m). P o is the coefficient of sink strength associated with organs type o. For leaf blade, P b ¼ 1 is set as a normalized reference. f o ( j ) is an organ type-specific function of sink variation. A normalization constraint
is set, with t o being the maximum expansion duration for a certain type of organ o that depends on the organ position.
In the course of organ development, it was assumed that its relative sink strength varied according to a beta function f o which formulated as follows:
The parameters a o and b o vary with organ type. This function is flexible to describe the shape of the sink variation and can be fitted to data by optimization. Only one parameter (B o ) was optimized to define the beta function for each organ type, and the values of two parameters a o and b o in eqn (5) are subsequently derived from B o using the constraints
At a given GC(i), the biomass increment of an organ aged jth GC is equal to:
is the demand of all expanding organs at GC(i):
Biomass accumulation for the organ is:
Based on these equations, organ size can be simulated depending on resources and the number and strength of sinks that share these resources at a given time. Parameter optimization of the model uses the generalized least square method described by Zhan et al. (2003) and Guo et al. (2006) . During parameterization, relative sink strength for the first six short internodes K e was not included because this parameter varied a lot compared with other parameters as described in Ma et al. (2007) . Model validations are then conducted by comparing observed and simulated data between different PPDs in different years. The simulation of plant growth is illustrated by comparing the 3-D visualization of individual maize plants and canopies for two PPDs.
Statistical analysis
The ANOVA procedure in MatLab 7 . 0 was used to test for significant differences between means. Analysis of covariance (ANCOVA) was used to compare slope and intercept of the different linear relationships.
RESULTS AND DISCUSSION
Field observations
Regardless of PPDs and years, the maize variety used in this study produced nearly the same number of phytomers (20 -22 at maturity, P . 0 . 27). There was a linear relationship between thermal time with a base temperature of 8 8C and the number of phytomers produced (Fig. 1) . Plant development rate was almost the same at different PPDs (P . 0 . 29), confirming the stability of the rate of leaf emergence when expressed according to thermal time (Birch et al., 1998) . Therefore, the same temperature sum was required for the emergence of a new phytomer. Figure 2 illustrates the fresh biomass development observed at different PPDs. Shoot biomass production which included vegetative and reproductive parts of the plant was continuously increasing, whereas that for vegetative parts (without cobs and tassel) ceased when thermal time is about 1000 8Cd. Individual plant biomass increase over time is affected by PPD, which resulted in a reduction of single plant fresh weight as PPD increases. The same trend in maize was previously observed by several authors (Edmeades and Daynard, 1979; Tetio-Kagho and Gardner, 1988; Pagano and Maddonni, 2007) as well as in other crops (Gorham, 1979; Heuvelink, 1995) .
Field measurement and observation also showed that: (a) specific leaf area (SLA) based on biomass decreased with increasing PPD, but was similar for the same PPD between two years; (b) the observed leaf expansion duration (from leaf tip appearance to ligule appearance) increased for the lower leaves and decreased for the upper leaves at high PPD compared with low PPD [this result was consistent with Andrieu et al. (2004) and this variation of blade expansion duration is a major determinant of the response of maize blade length to PPD (Andrieu et al., 2006) ]; (c) the average leaf functioning time (from the beginning leaf photosynthesis until 50 % leaf senescence) of the high PPD was 1-2 GC shorter than the regular and low PPDs. Figure 3 shows changes of fresh weight ratio (ratio of fresh weight for each organ type to total plant shoot weight) at different developmental stages for the low and high PPDs of expt 2006. The general pattern was the same in all treatments. During early vegetative stages, nearly 95 % of the total biomass was allocated to leaves (with 25 % to leaf sheath), internodes taking up the remaining part. The proportion of fresh weight allocated to internodes increased with plant growth. These proportions began to change (at approx. 800 8Cd) as the cob became a major sink.
Even if the allocation pattern was not modified by changing PPD, considerable change was observed in the time course of partitioning to different plant organs. Before 800 8Cd (the onset of grain filling stage), the ratios of fresh biomass allocated to internode, blade and sheath are nearly the same at high and low PPD plots, indicated by the dotted vertical line in Fig. 3 . But after 800 8Cd, these ratios are different due to the increasing effects of inter-plant competition on light capture (Edmeades and Daynard, 1979; Maddonni and Otegui, 2006) . The same trend was observed in 2005.
Model parameterization and variation analysis of parameter values
Model parameters were fitted by a multi-fitting technique P o is the coefficient of sink strength and B o is parameter of the beta function for organ expansion, both associated with organs type o (leaf blade, b; sheath, s; internode, e; cob, f; tassel, m). Parameter r is an empirical parameter, setting leaf size effect on transpiration per unit area. S p is the projected surface area of the plant.
Note: As P b was set to 1 for all PPDs, data were not listed here. ** P , 0 . 01; * P , 0 . 05; all other values are not significantly different. simplify the simulation, cob biomass was attributed to phytomer 15 only . The simulated curve for internode length has been extrapolated downwards, although the last two data points (length of 20th and 21st internodes) are not supporting this (Fig. 4A) . It should be noted that the simulated curves in this figure were the results of the whole model optimization using the same set of parameters to fit all the target files, and not simply fitting curves to the observed data. Therefore, a certain degree of distortion is inevitable.
Comparisons of parameter values, their respective standard deviation (s.d.) and coefficient of variation (CV) among PPDs and years are presented in Table 1 . Seven out of 11 parameters show small variation across different PPDs and years (P b was set to 1 for all PPDs during the parameter optimization, thus it was not included in Table 1 ). This involved the parameter B o and almost all relative sink strength of organs except for internode (P e ) and cob (P f ), for which average values decreased by 22 % and 57 % from low PPD to high PPD, respectively. As the ratio of P f to the demand of all expanding organs increase dramatically from the early filling stage, and reach 100 % after other organs had fully expanded, the small variation of P f can be neglected. Parameter r increased with increasing PPD (increased by 26 %), which can be due to the changes of the orientation of leaves that will cause a decrease in transpiration of the plant. S p decreased by 57 % with increasing PPD. This was reasonable because the leaf projection surface depended on the available surface area per plant. Narrow and short leaves, small plant leaf area and erectophile leaf were always promoted by the increase of PPD (Maddonni et al., 2001) , which thus reduced the projected surface area of the plant.
Model validation
Simulation of plant growth was carried out for different PPDs and years with corresponding environmental conditions ( potential evapotranspiration). The parameter values used for model validation were fitted with data of the regular PPD from expt 2005, but linear fitting was used for the three changing parameters (r, S p and P e ). Different organ expansion time, leaf functioning time and allometric relationships were used corresponding to PPD.
Comparison between simulated and measured organ biomass and dimensions for each phytomer rank were made for model validation. Simulation errors were generally small as indicated by the linearity and slopes similar to unity for the comparison of simulated and observed values (Fig. 5 ). Significant deviations (P , 0 . 05) from the simulated versus observed correlations from the 1 : 1 relationship were observed only for internode length in expts 2005LD and 2006HD. This was partly due to the allometric rule which cannot describe the relationship between internode biomass and geometry precisely.
Optimization of maize stand growth
The relationship between S p and d fitted from the three PPDs in expt 2005 is shown in Fig. 6A , and these two variables are linked through eqn 2. The fitted values of the projected surface area S p and the transition coefficient a are 0 . 4 and 4 . 31, respectively. From Fig. 6A it can be seen that the plant can be considered as isolated for PPDs lower than 1 plant m 22 as the curve becomes asymptotic when 1/d is close to 1. As there are only three PPDs, extrapolation far from the low and high PPDs was unreliable. However, interpolation between them can be quite relevant.
Based on the parameter values fitted from different PPDs of expt 2005, the shoot and cob biomass growth can be simulated for other PPDs and years. Figure 6B from the established database for each phytomer rank to create natural variability of appearance. Azimuthal orientations of plants are randomly distributed within a stand. Figure 7A is the three-dimensional visualization of a maize stand at low and high PPDs from expt 2005. Accordingly, the individual plant for each PPD can be extracted from those simulated stands (Fig. 7B) , and the corresponding growth curves are also shown in this figure.
From the figure it can be seen that the size of most plant organs was affected by PPD; the differences were particularly visible for leaf size and internode diameter, as well as for plant height and cob size.
General discussion
GREENLAB is a mathematical and architectural model which uses one common set of parameters governing relative sink strength and expansion kinetics of organs to allocate biomass among individual organs (Yan et al., 2004; Guo et al., 2006) , in contrast to non-architectural models that do not consider the demand functions generated by organogenetic processes (Dingkuhn et al., 1991) . This study showed that the GREENLAB model had the ability to capture plant plasticity induced by PPD. The relatively stable parameter values of P o (except for P e ) and B o strengthened the hypothesis that one set of equations can govern organ growth kinetics of all plant organs throughout different developmental stages. The analysis on variations of S p , r and P e showed that their values are PPD-dependent. However, here, only fresh matter was used to analyse the variation of parameter values and simulate the growth of the maize plant. Comparison of parameter values based on fresh and dry weight is in progress.
With regards to agronomic applications emphasizing yield, simulation of maize growth at different PPDs was realised based on the fitted parameters. The results were reasonably good though some differences between simulated and observed data were noted. However, only three PPDs were studied, which maybe not fully represent the changes of parameter values with PPDs. Parameter values corresponding to a broad range of PPDs should be taken into account for further evaluation to the model. Furthermore, as variations in SLA, time of organ expansion and leaf functioning induced by PPD were forced in this study according to the data observed. Obvious limitations occurred in the current version of GREENLAB which dynamically integrates plant growth response to PPD. Some studies have shown that SLA is affected by a variety of factors, such as light intensity, temperature, source : sink ratio and water status (Heuvelink and Marcelis, 1996; Tardieu et al., 1999; Shipley, 2002) . Leaf senescence which determines the leaf functioning time can also be regulated at the whole-plant level by source: sink relationship in the plant (Christensen et al., 1981; Tollenaar and Daynard, 1982; Rajcan and Tollenaar, 1999) . Therefore, quantitative relationships of SLA and leaf senescence with plant carbon balance should be established and introduced into GREENLAB in a future version.
CONCLUSIONS
This study aimed at evaluating the ability of GREENLAB, a mathematical and architectural plant growth model, to simulate plant plasticity encountered in a multi-density experiment.
The analysis of parameter values indicated that organ relative sink strength (except for P e ) and their sink variation had small variations among years and PPDs. However, parameters associated with biomass production (r and S p ) varied with PPD. On the basis of the fitted parameter values, plant growth and development was simulated.
Comparison of simulated versus observed values was reasonably good as indicated by the linearity and slopes similar to unity. The morphological differences (such as plant height and organ size) between PPD treatments were observed from the simulation results by 3-D visualization of an individual maize plant and plant stand.
Based on the fitted parameter values, shoot and cob weight for other PPDs were also simulated. The results showed that cob production was increased due to PPD increasing under certain conditions. This can be used for optimization of sowing density for obtaining optimal yield. However, more management inputs should be considered, which requires further investigation.
